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ABSTRACT
Thirty-nine rabbits (Oryctoloous cuniculus) weighing
2.0 to 3.0 kilograms were used in this investigation.

Spleen

slides from 14 animals were processed to show (1) the pres
ence of non-specific esterase according to the method of
Pearce, (2) the presence of acid phosphatase by the method
of Burstone, (3) the metalophil reaction according to the
short method of marshall, (4) the histological features by
routine hematoxylin and eosin staining, and (5) the presence
of hemosiderin iron by the method of Gomori.

Twenty-five

animals were divided into 3 groups which received injection
by posterior marginal ear vein,

eleven animals received

10 cc per kilogram of 5% India ink; 6 animals received 5 cc
per kilo of 2% chlorazol black E; and 8 animals received 5 cc
per kilo of 25% saccharated oxide of iron.

Animals were

sacrificed at intervals from 15 minutes to 8 days following
injection, and sections were prepared to show the cells which
had phagocytossd these injectates.
Strong non-specific esterase activity was found in free
cells in sinus lumens (probably monocytes), large cells of
the pulp cords, cells in germinal centers and marginal rims
of the lymphoid nodules, and scattered cells in the marginal
zone.

A moderately strong reaction was shown in the lining

cells of the sinuses, a feature found in the rabbit but not
in the white rat.

The acid phosphatase reaction was present

in the same calls as above with the exception of the sinus
ix

lining cells.

The metalophil reaction exactly paralleled

the reaction for non-specific esterase.
The injectates were phagocytosed by the same cells
which showed non-specific esterase activity and which gave
the metalophil reaction with the exception of those of the
lymphoid sheaths.

It is concluded that these latter cells

were not exposed to the particulate matter because of the
nature of the vascular supply to this region.
It is suggested that the lack of acid phosphatase in
the sinus lining cells is possibly due to their immaturity.

x

CHAPTER I
INTRODUCTION
Mammalian spleens possess many structural varia
tions.

These differences, which a number of workers

have noted, Include variations of size and shape, cap*
sular composition and trabecular make-up, distribution and
volume of lymphoid tissue, prominence and composition of
the marginal zone, presence or absence of a marginal sinus,
mode of termination of white pulp capillaries, the presence
or absence of ellipsoids, the degree of elaboration of red
pulp sinuses, and the distribution and activity of the
splenic macrophage system.

The internal variations in the

spleens of different animals arise from differential devel
opment of one or more of these basic component parts.

Al

though generally composed of the same elementary tissues, an
individual spleen may not demonstrate all of the component
parts.

Because of the variations and dissimilarities in

structure, conclusions based on the study of one animal can
not legitimately be applied to other animals (69)}
there is no typical spleen.

that is,

However, general architecture

follows a basic pattern, which provides a unique intimacy
between the blood vascular system and a parenchyma composed
of cell types which may all be found in organs other than
the spleen (35).

For this reason any study of the splenic
1

parenchyma must also Include a preliminary consideration
of the connective tissue framework and the blood vascular
system so distinctive of this organ.
The surface of the spleen in mammals is covered by a
layer of mesothalium of the visceral peritoneum.

This

tissue is closely adherent to the external surface of the
capsule* except at the hilus where it is penetrated by blood
vessels* lymphatics* and nerves (82).

The capsule is a firm

structure of dense connective tissue* which may be subdivided into three layersi

an outer layer consisting primar-

ily of coarse collagenous connective tissue bundles and a
few fibroblasts) an intermediate layer of collagenous fibers
freely interspersed with fine elastic fibrils) and an inner
layer of coarser elastic fibers (26).

Varying amounts of

smooth muscle have been reported in both the outer (54) and
inner (26) layers.
The capsule is continuous with the adventitia of the
blood vessels at the hilus and forms large trabecular vascular sheathes which ramify with the vessels.

Orsos (49)

found that the trabecular network extends parallel to the
capsule bounding a subcapsular zone of parenchyma.

He

found that only larger trabeculae reach the capsule and
that the major part of the network is suspended from the
capsule by a relatively few trabeculae.

The larger trabe

culae are interconnected by fine ramifications* which in
effect compartmentalize the parenchyma into small lobules
(26).
2

Tha fine structure of trabeculae is similar to that of
the capsule except that elastic fibers are most numerous in
the peripheral layer.

Klemperer (30) reported smooth

muscle in non-vascular as well as vascular trabeculae, the
quantity being species specific.
Lymphatic ducts and nerves traverse the capsule at the
hilus and ramify within the trabeculae.

The lymphatic

vessels are restricted in their distribution to the capsule,
trabeculae and white pulp.

Snook (67) showed that deep

lymphatic plexuses piercing the white pulp are present in
the spleens of the guinea pig, horse, mole, monkey and mouse.
The nerves are principally sympathetic contributions of the
splanchnic nerves to the celiac plexus.

They enter the pulp

remaining in close proximity to the arterial blood vessels
(30).
The tissue enclosed by the capsule and trabeculae is
arranged on a reticular framework and is called the "splenic
pulp."

Within this soft parenchyma are areas of closely

packed lymphocytes which may be seen with the unaided eye in
freshly cut surfaces as white nodules and strands.
are known as the "white pulp."

These

The greater percentage of

the splenic pulp appears dark red and is accordingly known
as the "red pulp."

This latter is generally considered to

consist of two basic portions!

the splenic sinuses or pri

mary venous channels and the pulp cords or the tissue be
tween sinuses (24).

Grossly the red pulp surrounds the

white pulp giving the latter the appearance of islands when
3

aeen in section.
The trabecular arteries branch into the pulp and are
immediately covered by a sheath of lymphoid tissue.

This

sheath constitutes the white pulp and is made up of lymph
ocytes, plasma cells, free macrophages, stellate reticular
cells, and other free cells lying in a reticular fiber
network (80).

The white pulp is then separable into two

basic structures*

the periarterial lymphatic sheaths and

lymphatic follicles or nodules (Malpighian corpuscles) (38).
The periarterial lymphatic sheath occurs as a cylinderical sheath of lymphoid tissue which surrounds the inter
lobular artery and is enmeshed in a circumferentially dis
posed reticular fiber network (35).

These sheaths surround

the artery giving it a more or less central position and
extend from the point of emergence of the vessels from the
trabeculae to their division into penicilli (“brush like”
terminations of the arterioles) in the red pulp (35,24).
Although these periarterial sheaths are highly infil
trated with lymphocytes, they are not true lymphatic nodules.
However, throughout their course the sheath is periodically
expanded to form such nodules (Malpighian corpuscles) which
may or may not possess germinal centers.

These nodules may

be protrusions of the periarterial sheath as in the mole,
mouse, cat, dog, horse, cow, and man (68), or they may be
lacking in prominences as in the rat, rabbit, and ground
squirrel (80,39).

That is, they are not such obvious pro

trusions of the sheath.
4

Malpighian corpuscles can be divided into two basic
types} resting nodules composed of small lymphocytes with a
dense homogenous appearance* or nodules which possess a
light central area of large lymphocytes with a darker
peripheral ring of small lymphocytes (SO).
The studies of Flemming (1885) indicated that the light
centers of lymph nodules throughout the body are analogous*
and that they are lymphoblastic in nature.
called this area the "germinal center" (17).

He consequently
This inter

pretation of the light central area is generally held to be
correct* although other interpretations have been given it
(30).

Latta (36)* for instance* considered the area to be

one of degeneration rather than proliferation because of
inadequate vascular supply.
Where the periarterial lymphatic sheaths expand into
lymphatic nodules the central artery gives off a branch of
supply, the follicular artery (24,30).

This vessel in turn

supplies the Malpighian corpuscle* forming an anastomosing
capillary bed throughout the germinal center and periphery
wherein they either terminate by anastomosing to form a
marginal sinus as in the mouse and rat (68*71), leaving the
nodule and terminating in the marginal zone as in the mole*
rabbit* cat, dog* horse* and man (41*68*79), or they may
pass a short distance into the red pulp and terminate in a
red pulp cord (69),

The follicular artery continues into

the red pulp where it branches into two to six penicillar
arteries (74).

From this division recurrent branches or
5

Hhof" arteries may approach the nodule tangentially from
the red pulp to supply the marginal zone (30,68).
Snook (68,71) has described the nodular capillaries
terminating in many animals at the border between the white
pulp nodule and the marginal zone, forming a
sinus.

marginal

This is not true in the rabbit, wherein they either

terminate in this zone or pass through into the red pulp.
At this point the marginal sinus is enveloped by reticular
fibers, which are continuous with those of the lymphatic
nodule and the marginal zone (71).

This area in the rabbit,

although lacking a sinus, is delimited by a condensation of
reticular fibers and a change in cell population.

Snook

(68,71) also found a prominent ring of potential macrophages
around the marginal sinus in the rat, and Marshall (44) de
scribed similar cells scattered throughout the marginal zone
of the rabbit.
The marginal zone consists of a fine reticular fiber
meshwork, which supports an evenly distributed cell popula
tion (67,71).
This cell population is made up of varying combinations
of lymphocytes, plasma cslls, macrophages, and blood cells
(80).

It is the region immediately surrounding the white

pulp and is the junctional tissue between the red and white
pulps.

Its structure and cell composition is directly con

tinuous with the red pulp cords, being quite similar (80).
The red pulp cords (pulp cords of Billroth) represent
an intersinus vascular space of stellate cells having long
6

irregular processes running in all directions uniting one
cell with those around it.

Intravital injections show these

cells to be phagocytic for colloids and particulate matter
and therefore reticuloendothelial in type (60).

The pulp

cells thus bound together form intercellular spaces which
communicate freely and into which the arterial vascular
as

system terminates in a variety of ways reviewed^by Robinson
(60), BjtJrkman (5), and Snook (69), which will be mentioned
later.
The pulp cords are continuous partitions of tissue of
variable cellular density and composition lying between
splenic sinuses.

The free call population varies greatly

between species, individuals, and even within the same organ.
The areas most densely populated with free cells are the
perinodular and subcapsular zones (49).

Large numbers of red

blood corpuscles are commonly found in the pulp cords as well
as free and fixed reticuloendothelial cells, lymphocytes, and
monocytes (24).
The red pulp occupies the largest volume of the spleen.
It is formed by a vast network of reticuloendothelial cells
supported by delicate reticular fibers.

The general con

struction is such that the blood elements are brought into
intimate contact with the reticuloendothelial cells which
perform the filtration function of the organ (59).

The

finer ramifications of the arterial system, splenic sinuses,
and the collecting veins form an integral and inseparable
part of the red pulp vasculature (30,69).
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Tha follicular artery» as previously mentioned, gives a
branch of supply to the Malpighian corpuscle and marginal
zone.

The white pulp artery then passes into the red pulp,

sans lymphoid sheath, and branches into three to six penicillar arteries.

These vessels consist of an intima and a

coat of one or two layers of smooth muscle fibers supported
by a sparse, coarsely meshed network of collagenous and
elastic fibers (38).

The penicillae (end arteries) enter

ellipsoids (Sheath of Schwelgger-Seidel) in those forms
possessing them and, devoid of a muscular layer, pass through
the center as vessels of capillary size (61).

The endo-

thelial cells of the portion of the vessel within the ellip
soid diverge from one another and stomata appear between
their longitudinal borders thus allowing extravasation of the
blood constituents (38).
The ellipsoid sheath was first described by SchweiggerSeidel (1862-63) in the dog, pig, cat, calf, and man (63).
He noted the escape of injected substances into the sheath
and hypothesized some sort of a filtration function.

Many

workers, such as Weidenreich, Reidel (30), and Knisely (31)
felt rather that it subsarved some type of a valve action
preventing reflux of blood from the venous system with sudden
pressure changes.

However, Solnitzky (74) showed the ellip

soid sheath to be a localized condensation of splenic pulp
consisting of a network of reticular fibers and intensely
phagocytic reticular cells.

Jacobsen (27) demonstrated that

the cellular constituents possess the enzymes acid-phosphatase
8

and non-specific esterase* which are characteristic of
reticuloendothelial cells throughout the body.

He showed

them to be phagocytic and suggested the area might be in
volved in antibody formation as well*

It is apparent*

therefore, that the structure forms an integral part of the
reticuloendothelial system.
Ellipsoids vary considerably in size and shape in
different species,

many animal forms* such as the rabbit*

rat* guinea pig* and mouse* do not possess them.
"Beyond*' the ellipsoid is the arterial capillary.

The

circulatory pattern from this point is* in spite of numerous
investigations* open to considerable debate.

The vessel

connections for blood flow from the arterial capillaries to
the venous sinuses have given rise to three principal inter
pretations of the situation.

They are an open-theory* a

closed-theory* and a mixed-theory of circulation.
The open-theory of circulation holds that blood is not
confined to endothelial lined vessels.

Blood pours from the

end arteries into the pulp cords giving it a unique and in
timate contact with the reticuloendothelial cells.

The blood

re-enters the vascular system proper by passing through
stomata in the walls of the venous sinuses (38).

Billroth

(4) advanced this hypothesis calling it the intermediary
circulation of the red pulp.

Uieidenraich (77) and Wall (42)

injected nucleated avian erythrocytes into mammals and found
them first in the pulp cords and, after a further time lapse*
in the venous sinuses.

Robinson (61) found that the arter9

ial and venous systems in the cat are entirely independent.
Snook (69) found in the rabbit, which has no ellipsoids,
that the arterial capillaries open into the red pulp cords,
Four types of endings were found*

(a) a spray or cone-

shaped ampulla of reticular fibers) (b) an oval (acorn
shaped) ampulla lying adjacent to a sinus) (c) an oval
ampulla lying in the center of a pulp cord) and (d) a
funnel-shaped opening.
The closed-theory of circulation contends that the
blood, as in other organs of the body, is always within
preformed, inter-connected, and endothelial lined channels.
Plany of the early studies of splenic circulation lead to
the conclusion that this line of thought is correct.

Bill

roth (4), after introducing the open-theory of circulation
changed his thinking to accept the idea of a closed system.
Schwsigger-Seidel (63) and Kttlliker (33), using human
spleens, came to similar conclusions) that is, that arterial
capillaries throughout the organ emptied directly into
splenic sinuses.

Snook (66) later demonstrated this to be

the situation in the guinea pig.
Although the concept of a closed system has been dis
credited by prominent histologists, the transillumination
work of Knisely (31,32) and Peck and Hoerr (52,53) with the
spleens of living mice, rats, and cats has added support and
some redefinition.

Knisely observed a closed vascular system

of preformed endothelial lined channels in these animals.
Ulhole blood, he noted, is separated at this level.
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Plasma flows

through the intercellular spaces of the pulp cords, while
blood corpuscles are confined within the fixed channels.
Thus he gave the classical definition of a closed vascular
system a bit of a qualification.

He felt that the few red

cells which leave the lined vascular channels pass individ
ually between the lining cells especially during the death
process.
Peck and Hoarr collated the work of Knisely with the
mouse.

They showed the intermediate circulation passing

through continuous, endothelial lined blood vessels joining the
arterial system with the venous system.

They also observed

loosely spaced lining cells which allow blood plasma, par
ticulate matter, and a few blood cells to enter the extravascular spaces of the red pulp cords.

This special type of

circulation they designated as "separatory.M
SjOrkman (5), using a rice-starch injectate, drew these
same conclusions studying the physical location of various
sized particles within the different structures of the red
pulp of the rabbit.

He found the larger particles confined

to the vascular system while the smaller particles were
found throughout the intercellular space.

These results, he

felt, indicated that cellular elements were confined to the
vascular system whereas plasma and particulate matter were
not.

These findings do not agree with those of Snook (69)

concerning the rabbit which were cited earlier.
from the findings mentioned above it is apparent that
different modes of vascular terminations exist depending on
11

the animal being studied.

Evidence also indicates that

these divergent types of vascular flow may be found within
the same spleen.

This has popularly bean called the mixed-

theory of splenic circulation.

It is a somewhat nebulous

concept which may encompass several situations.

Some

animal forms, such as the ground squirrel (GenustCltellus)
(7?), seem

to possess the mixed type of arterial termina

tions in that capillary branches of the follicular arteries
pass into the marginal zone and terminate, extravasating the
whole blood constituents.

These cellular and fluid fractions

percolate through the marginal zone and into the red pulp.
The closed part of the system, as described by Knisely (31),
Mackenzie, et al. (40), and Peck and Hoerr (52), consists of
direct arterio-sinus connections and arterio-venous anastaUtO8 6 3 •

According to fflacNeal, Qt. &L* (41) and Mackenzie, fit ai(40), the type of blood flow, whether open or closed, is
subject to considerable variation and can change with phys
iological demands.

The state of the endothelium of these

small vessels is apparently subject to variation.

Under

normal circumstances, openings between the endothelial cells
into the pulp cords appear quite large and readily permit
the escape of corpuscles.
system.

Essentially, it is an open

Conversely, under conditions of stress or demand,

the openings appear constricted so that the cellular elements
and probably even the fluid fraction is retained within endo
thelial lined channels thus facilitating rapid flow through
12

the organ.

The physiological stats, they feel, determines

whether the system is opened or closed, thus making it a
mixed form of circulation.
The veins of the spleen begin as networks of venous
sinuses, which are tortuous channels of large but variable
diameters (12-40 u) and lengths (up to 245 u) (6).

These

sinuses are the initial venous vessels in the spleen.

They

traverse the red pulp in all directions, interweaving with
one another throughout the entire volume which is not
occupied by white pulp or trabeculae.

The pattern of their

distribution and structure differs according to the species
(35).

Billroth (4) distinguished two splenic typesi

those

whose red pulp is a cavernous plexus of venous sinuses
separated by narrow reticular tissue zones (pulp cords),
and those which possess few non-anastamosing capillary veins
and an abundance of pulp reticulum.

Snook (63) also divided

mammalian spleens into two similar groupsi

those possessing

sinuses and those possessing primordial veins.

The former

he termed "sinusal" and classified the rat, guinea pig,
rabbit, squirrel, dog, man, and skunk in this group.

The

latter he termed "non-sinusal" and placed the mouse, mole,
cat, horse, cow, pig, weasel, and bat in this group.
Unlike blood vessels throughout an animal body, the
walls of the venous sinus do not contain ordinary vascular
endothelium but are lined by elongate reticular cells which
are arranged with their long axis parallel to the long axis
of the vessel and are flattened into endothelial form (78).
13

In cross sections of the sinuses* therefore* the reticular
lining cells are cut in cross section and are seen to lie
around the sinus lumen.

These cells lie against one

another's lateral surfaces without apparent intercellular
attachments (78,82).

Thus, although they touch along their

lateral surfaces* they may be readily separated from one
another! that is* gaps may appear between the lining cells
of sufficient size to admit erythrocytes (69).
Palade (50) on the other hand has shown with the elect
ron microscope that there are adhesions between these cells
in the form of pseudopodia invaginated into the cytoplasm
of adjacent cells.
While the lining cells are reticular cells identical
in origin and properties with those of the adjacent splenic
cords! that is* capable of phagocytosis* they generally are
relatively unresponsive (6).
The mural cells of the sinuses are supported by a
system of reticular fibers which generally are circularly
disposed.

These fibers encircle the sinuses at regular in

tervals and are occasionally connected by anaatamosing
fibrils which are continuous with the reticulum of the pulp
cords as was shown by fflollier (1909*1910,1911) (30).
Although commonly circularly disposed* the reticulum
of some species, such as the rabbit (69), forms an hexa
gonal meshwork.
The wall of the splenic sinus* then* is formed by
longitudinally disposed reticuloendothelial cells and annular
14

reticular fibers which uieidenreich (1901) likened to the
iron loops of a barrel (77).
Venous sinuses empty into collecting veins (pulp
veins) which have ordinary vascular endothelium that is
supported externally by a few elastic fibers and a con
densed stroma of the red pulp.

The collecting veins

coalesce forming trabecular veins* which consist only of
endothelial channels within the connective tissue of the
trabeculae.

Trabecular veins then form the splenic veins

which leave the organ at the hilus and empty into the portal
vein (6).
Phagocytosis of particulate matter* endogenous or exo
genous* is the oldest method of identifying reticuloendo
thelial cells,

ffletschnikoff (46) observed the phagocytosis

of cellular debris in 1883 and Mallory (43)* studying the
histology of typhoid fever in 1898, observed large mono
nuclear cells which contained "red blood globules."

Aschoff

(1) described a group of phagocytic cells which bore a close
relationship to the reticular fiber network and were fre
quently found lining channels such as the splenic sinuses
where they served as endothelium.

He applied the term

"reticuloendothelial system" to all phagocytic cells through
out the body.
Several basic methods have been popularly utilized to
identify the cells of this system*

(1) injection of par

ticulate matter (9), (2) morphological characteristics at the
level of both the light microscope (57) and the electron
15

microscope (20,21,28,48,85), (3) histochemical staining for
enzyme activity (8,13) and (4) Marshall's metalophil
reaction (44).
Intravenous injection of particulate matter nas the
first procedure used to study this system.

Snook (70) and

Patterson (56) have both shown the enzyme activity of this
system to be enhanced by exogenous stimulation) that is,
intravenous injection of particulate matter such as India
ink (carbon), saccharated oxide of iron, chlorazole black £,
and typhoid vaccine antigen is followed by an increase in
the enzyme content of these cells.

Phagocytosis following

injection of these substances has been observed in the cells
of the red pulp cords, sinus lining cells, marginal zone,
and a few randomly scattered throughout the white pulp in
various species (39,58).
Kojima and Yutaka (34) have elucidated the mechanism of
incorporation of injectates by the cells of this system.
They have shown that exogenous substances combine with a
plasma protein which allows it to adhere to the plasmalemma
of the phagocyte.

The cell membrane invaginates forming a

vacuole containing "stain."
At the light microscope level one of the best morpho
logical descriptions of these cells is that of Policard (57).
He described two areas of cytoplasm)

a peripheral hyalo

plasm, which lacks granulations, and a central perinuclear
area, the granuloplasm, which contains granulations.

The

eccentric nucleus varies from round to oval in shape, with
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a fine chromatin net, and a clearly defined large nucleolus.
A typically well-developed centrosphere may cause the nucleus
to appear kidney shaped.

The shape of a reticuloendothelial

cell varies considerably depending on the surrounding medium.
It varies from spherical in a liquid medium to oval or
stellate in densely populated areas such as the splenic pulp.
At the level of electron microscopy, recent studies (40,
28) have shown the ultrastructura of reticuloendothelial
cells to be characterized byt

(1) well-developed smooth

endoplasmic reticulum, (2) complicated cytoplasmic processes,
and (3) abundance of cytoplasmic organelles such as lysosomes
and cytolysomes.

The inclusion bodies are thought to be in

volved in the digestion of both exogenous (injectates or
bacteria) and endogenous (red blood corpuscles) materials.
Yumari (05) and Watanahi, gjt ui.. (76) have reported a marked
increase of rough surfaced endoplasmic reticulum following
stimulation, a factor possibly related to antibody formation
(37).
The physiological state of these cells changes so much
that adequate identification cannot usually be made by purely
morphological characteristics, Policard (57) emphasized this
polymorphism.
Marshall (44) employed an aramoniacal silver impregnation
technique which blackened all the cells of Aschoff's retic
uloendothelial system.

These he called "metalophils.M

No

satisfactory explanation of the specificity of this technique
has been offered to date.

All macrophages are positive with
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this technique* however* more specific tests have revealed
that not all metalophils are macrophages (eg* mesothelium).
Marshall (44) delineates four types of mstalophilic
cells in the rabbit spleen which he considers to be macro
phages*

These aret

(1) free metalophil cells in the red

pulp sinuses* (2) the sinus lining cells* (3) the majority
of the red pulp cord cells* and (4) those scattered through
out the marginal zona and white pulp.
Snook (71) reported cells at the margin of the lymph
atic nodule (perinodular ring) to be metalophilic in the rat.
Petterson (56) found a great variety of metalophils through
out the red pulp of the rat, and a few such cells isolated
in most of the lymphoid nodules.

He confirmed the perino

dular ring of Snook and noted that metalophils were con
spicuously absent in the marginal zone.
Lisk (39) and Purtilo (58) reported cells in the pulp
cords* sinus lining cells* marginal zone, and scattered
throughout the white pulp as metalophilic in both squirrel
and gopher spleens.
Jacobsen (27) found similar areas metalophilic in the
dog and cat* a non-sinusal form.

He also reported the

ellipsoids of these animals to be intensely metalophilic.
Ulith the advent of enzyme techniques more specific
identification of reticuloendothelial cells has become
possible.

Histochemical techniques for several enzymes have

been employed in an effort to establish distribution patterns
for various coll types.

Sraunstein* et &1. (7) utilized
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techniques for non-specific esterase, acid and alkaline
phosphatase, 5-nucleotidase, and phosphamidase to study the
cells of human lymph nodes.

They found that macrophages

could reliably be identified by their acid phosphatase,
non-specific esterase, and phosphamidase content.

These

enzymes did not appear in other cells of the lymph nodes.
Non-specific esterase and acid phosphatase have re
ceived considerable attention as standard reactions de
noting the presence of phagocytic or potentially phagocytic
cells.

Saturation of these cells is manifested first by

acid phosphatase activity and later by non-specific esterase
activity (56).

mature macrophages, wherever they are located

show strong reactions for both enzymes.
Non-specific esterase activity in the spleen has bean
reported in the red pulp cords, sinus lining cells, ellip
soids, and diffusely throughout white pulp in the squirrel
(58), ground squirrel (39), rat (55), and the dog and cat
(27).

Activity throughout the reticuloendothelial system

has been described by a great many investigators (Braunstein,
7) Carbonell, 12$ Chessick, 13 1 Doyle, 15) Doyle and Liebolt,
16} Jacobsen, 27) Pettsrian, 55) Smith, et al.. 65; Tahikowa,
75) and Wells, 83).

Large numbers of macrophages were also

found by Burstone (8) to be positive for acid phosphatase in
rat and mouse spleens.

He found the reaction greatest in

the red pulp as did Lisk (39) for the ground squirrel, which
also reportedly showed activity in the sinus lining cells.
Acid phosphatase has likewise been investigated at length in
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the reticuloendothelial system (Barka, et al.. 3; Braunstein, jat &1., 7* Burstone, 8| Doyle, 15f Gomori, 22; Gregg
and Pearse, 23; Jacobsen, 27; Rutenburg and Seligman, 62;
Seaman, 64; Tahikowa, 75; and Wolf, £_t al.. 84).
THE PROBLEM
The methods which have been most useful in spleen study
are those which denote the presence of phagocytic cells.
Snook,

(70) cited three criteria which a cell mus(t

meet to be considered part of the reticuloendothelial system.
It musts (1) be positive for Marshall's metalophil (ammoniacal
silver) reaction, (2) contain the enzymes non-specific ester
ase and acid phosphatase and (3) be phagocytic.

A prelimi

nary study (73) of the enzyme activity in the rabbit's spleen
showed that it was remarkably different from that of the
rat, squirrel, (Sclurldae) and gopher (Cltellus).

It is the

purpose of this investigation to study the distribution of
enzyme positive cells throughout both the red and white pulps
of the rabbit's (0rvctoloQU3 cunlculus) spleen and to corre
late this with the distribution of metalophilic and actively
phagocytic cells.

It is felt that from this study a better

understanding will be gained of how some splenic functions
are carried out in the rabbit.
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CHAPTER II
METHODS AND MATERIALS
A total of 39 mala domestic white rabbits (Orvctoloous
cunlculus) was used In this study.

All animals were

obtained from a local rabbiterier and were young adults
referred to as MJuniors."
to 3.0 kilograms,

Their weights ranged from 2.0

fourteen of these were normal (pninjected)

animals used to study the distribution of the reaction
products of the enzyme and metalophil techniques mentioned
previously.

The remainder were separated into three groups

and received intravenous injections of India ink, saccharated
oxide of iron, or chlorazole black E to facilitate the study
of phagocytosis.
All injectates were administered with a #25 hypodermic
needle to unanesthetized animals via the posterior marginal
ear vein, which was force dialated with a small artery clamp.
Some problem was encountered concerning the application of
pressure to the syringe containing the injectats.

Several of

the first injections were complicated by rupture of the vein
throughout its entire length.

This problem was corrected by

maintaining pressure on the syringe such that the injectate
never backed more than 1 mm up the tributary veins.
for splenectomy all animals were anesthetized with
0.6 cc/kg of body weight of a 6% solution of sodium pento21

barbitol.

At this concentration, it was found to work

satisfactorily when injected intravenously over a period
of 15-20 seconds.
The abdomen was sheared and opened by simple laparotomy
along the linea alba (29) and the spleen approached by
rotation of the stomach anteriorly and medially.

The

splenic vessels were quickly identified, ligated, and the
organ removed.
Tissue from the normal animals was cut into 2 to 4 mm.
slices and fixed by immersion in 15% cold (4°C) formalin or
10% formalin overnight.

The 15% cold formalin-fixed tissues

were utilized for the non-specific esterase and acid phos
phatase procedures and the 10% formalin-fixed tissues for
the metalophil and Prussian blue reactions.
Sections from the cold formalin-fixed tissues were cut
at 15-20 micra on the freezing microtome and free floated in
cold (4°C) 1% formalin followed by cold (4°C) distilled water.
Subsequently, they were subjected to one of the two following
techniques.
Pearse's (51) modification of Goraori*s technique was
used for non-specific esterase activity.

Naphthol AS acetate

was used as the substrate and Past Garnet GBC as the diazonium salt.

The sections mere removed from the cold (4°C) dis

tilled water and incubated at 37° in the substrate medium for
15 minutes.

The incubation medium was prepared by adding

0.1 ml propylene glycol, 0.1 ml of an acetone-naphthol AS
acetate solution (1 mltSmg), and 15 mg of Fast Garnet G8C to
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9.9 ml of sodium phosphate buffer (pH 6.8).

The medium

mas then thoroughly mixed and filtered prior to adding the
tissue,

following the incubation period the sections were

transferred to distilled water (room temperature)* free
floated onto clean slides* blotted with bibulous paper to
flatten out the section and mounted in freshly melted
glycerine jelly.
Ourstone's (8) method was used to test for acid phos
phatase activity.

Naphthol AS-BI phosphate served as sub

strate and fast Garnet GBC as the dlazonium salt.

The

sections were removed from the cold (4°C) distilled water
and incubated at 37°C for 30 minutes.

The incubation medium

was prepared by dissolving 4 mg of naphthol AS-GI phosphate
in 0.1 ml of 0.25 N n-dimethylformamide.

To this was added

25 ml of 0.2 N sodium acetate buffer (pH 5.2-5.6), 35 mg fast
Garnet GBC and 2 drops MnC^*

The medium was then thoroughly

mixed and filtered prior to adding the tissue,

following

incubation* the tissues were mounted as described above.
Control sections were used for both enzyme procedures to
distinguish false-positive staining from actual enzyme re
actions.

The control media were prepared and treated exactly

as reaction media except they were substrate deficient.

That

is* naphthol AS acetate and naphthol AS-BI phosphate were
omitted.
The 10$ formalin-fixed tissues of the normal animals were
embedded in 60°-62°C paraffin* cut at 15 micra on a rotary
microtome and subjected to Marshall's metalophll and Gomori's
Prussian blue reactions.
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Marshall's (44) ammoniacal silver impregnation method
mas used as outlined in his book.

The sections were depara-

ffinized in xylene and hydrated through a descending series
of alcohols (95%, 70%, 50%), washed in three changes of
distilled water, and impregnated in the ammoniacal silver
solution 2*8 seconds.

This solution was prepared by titra

ting 2 ml of concentrated ammonium hydroxide (sp. gr. 0.88)
with a 10% silver nitrate solution.

The silver was then

reduced by transferring the tissue to 3% formalin for 2-3
minutes with constant agitating.

The sections were then

dehydrated with alcohol, cleared in carboxylene (1 part
phenolt2 parts xylene), free floated onto clean slides,
blotted with bibulous paper, and mounted in permount.
Gomori's (22) Prussian blue reaction was used primarily
with tissues from animals injected with saccharated oxide of
iron, although sections from normal animals ware also subjec
ted to the reaction and utilized as controls (rough assay of
residual hemosiderin).

Paraffin embedded sections were de-

paraffinized, hydrated, and stained in a solution of equal
parts of 20% HC1 and 10% potassium ferrocyanide for 30 min
utes.

These tissues were then treated exactly as the metalo-

phil preparations.

Both techniques (metalophil and Prussian

blue) were usually performed simultaneously, the procedure
for both being identical except for the reagent steps.
Twenty-three rabbits were given one of the three injectates mentioned earlier.

Eleven were injected intravenous

ly with a 5% solution of Higgin's American Waterproof India
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ink in 0.9% saline.

Single injections of 10 cc/kg body

weight were given to unanesthetized animals.

These animals

were subsequently sacrificed at intervals from the time of
injection to 8 days after the injection.

They were then

used to study the distribution of splenic phagocytes.
Eight animals were injected with a 25% solution of
saccharated oxide of iron in 0,9% saline (9).

Single in

jections of 5 cc/kg body weight were given to unanesthe
tized animals intravenously.

These animals were sacrificed

at intervals from the time of injection up to 24 hours after
the injection.

These tissues were used in conjunction with

Gomori's (22) Prussian blue reaction to study the distri
bution of iron storing cells within the spleen, presumably
reticuloendothelial cells.
Six animals were administered a 2% solution of chlorazole black £.

Each animal received 5 cc/kg body weight.

They

mere sacrificed at intervals from the time of injection to
one week after the Injection and the tissues were used to
study the distribution of splenic phagocytes.
Tissue from all three groups of injected animals were
fixed in 10% formalin and embedded in 60°-62°C paraffin.
Sections, 6-8 micra thick, were cut on a rotary microtome
and stained by the Periodic Acid Schiff (PAS) procedure
according to fflcManus (45) and routine Harris* hematoxylin
and eosin.

The latter two stains were used to facilitate the

localization of injectates within splenic areas and specific
cells.
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CHAPTER III
RESULTS
The techniques employed in this study were based
upon methods previously shown to demonstrate reticuloendo
thelial (RE) cells.

The results of histochemlcal tssts for

these cells in the rabbit*s spleen were related to the
criteria set down by Snook gj, a_l. (70) for identifying RE
cells.

All active reticuloendothelial cells have been

shown to contain specific hydrolytic enzymes whose sites of
activity can be localized by diazo dye coupling,

marshall

(44) has shown these cells to be blackened with his ammoniacal silver technique, and many have shown them to be phago
cytic.

The histochemical findings will be presented indi

vidually.
jjgSrSPgglf^P Esterase
The cells containing the final reaction products were of
four basic shapes! round, oval, fusiform and stellate.

The

reaction products appeared in three general concentrations,
which shall be referred to simply as light, moderate, and
intense.
Cells which lie free in the sinus lumen were frequently
seen to contain dye granules.

These cells were most often

seen as some angular modification of an oval shape, and were
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throe or four times larger than a red blood corpuscle.

The

dye was moderately concentrated in them (Fig. 9).
The sinuses were very distinctly outlined by depos
ition of the reaction products within the sinus lining cells,
definitely substantiating Snook’s (68) classification of
the rabbit as sinusal.

The cytoplasm of these cells con

tained a moderate amount of the dye, their fusiform shape
thus being clearly demonstrated in a tangential section of
a sinus (Fig. 1).

The long axes of the cells mere oriented

parallel to the long axes of the sinuses.

The nuclei ap

peared as oval enlargements two to three times the size of
a red corpuscle and were devoid of dye granules (Fig. 2),
demonstrating that the non-specific esterase reaction is
limited to the cytoplasm which is extremly attenuated over
the nucleus.
The lack of intercellular adhesions along the lateral
borders of these cells was suggested by a zone devoid of dye
granules between cells.

Transverse section of a sinus and

its lining cells showed this same situation (Fig. 3).

The

lining cells* cytoplasm appeared as flattened oval bodies
lying side by side, yet apparently not touching.

These

cells lie on a reticular network not visible with this
technique, the opposite surface being exposed to the blood
stream.
The largest concentration of cells showing esterase
activity were in the pulp cords of Billroth; that is, the
area between sinuses.

The number of reacting cells was
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greatest near the white pulp and beneath the capsule and
was quite constant.

These were large cells very similar

in size and dye concentration to the free cells within the
sinuses.

Their shapes were round, oval or stellate (figs.

11,12,15 and 16).
The white pulp showed several areas of esterase act
ivity.

frequently seen within the periarterial lymphatic

sheath were clusters of oval cells showing intense dye con
centration (fig. 23).

The number of cells per cluster

varied from only four or five to as many as twenty.

Their

size was somewhat larger than that of the surrounding
lymphocytes.

These cells were found either within the germ

inal center or just beneath the central artery of the white
pulp.
In addition the white pulp contained many smaller,
lightly reactive cells.

These cells were distributed evenly

throughout the white pulp and were never seen in groups of
more than two or three*

They appeared highly angular in

shape, some possessing fine cytoplasmic processes (fig. 23).
Another group of small cells, only lightly reactive to
the esterase technique were found lying between the marginal
zone and the white pulp.

These cells were small, contained

only fine dye granules and formed a complete ring around the
white pulp (fig. 23).
Small angular cells evenly distributed throughout the
marginal zone demonstrated light esterase activity.

Toward

the periphery of this zone larger cells possessed a somewhat
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greater activity.

These cells closely resemble their

analogues in the pulp cords in size and intensity of stain
(fig. 29).

Occasionally* oval nuclei could be seen outlined

by the cytoplasmic reaction products.
Acid Phosphatase
The acid phosphatase reaction was in many respects
quite similar to the non-specific esterase technique.

Al

though there were certain specific differences* many of the
same cells were stained the characteristic wine red.
A somewhat greater number of cells within the sinus
lumens showed phosphatase activity.

These were large oval

cells* some of which had blunt extensions and contained
either coarse or fine dye granules in their cytoplasm (fig.
1 0 ).

The sinus lining cells showed acid phosphatase activity
in only one of the fourteen animals subjected to the tech
nique.

In this case* the granules were very fine and dif

fuse (fig. 7).

In all other cases* only a very few fine

granules were seen within these cells.

Therefore, the sinus

lining cells were considered negative for this reaction.
The red pulp cords consisted almost entirely of reactive
cells* many of which stained intensely.

The cells immediately

adjacent to the sinuses reacted particularly strongly.

Ulhen

sinuses were located in close apposition the entire pulp cord
contained these cells.

However, when the sinuses diverged

from one another* the deeply stained cells tended to follow
their contour.

This left the central portion of the pulp
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cord populated by less intensely stained cells and made
areas of large concentration of dark cells, which appeared
as clumps upon low power observation (fig* 19).

The darkly

staining cells near the sinuses were usually an angular
variation of the oval shape, some possessing blunt pseudo
pods, whereas the lighter staining cells of the central
portion of the cord were smaller and stellate.

There were

a great many more acid phosphatase reactive cells in the
pulp cords than there were non-specific esterase reactive
cells.
The white pulp had a variety of cells which were stained
with this reaction.

Distributed randomly throughout the

periarterial lymphatic sheath and germinal centers were small,
lightly reactive calls.

These were round to angular in shape,

showed little evidence of cytoplasmic processes, and usually
appeared in small aggregations of two to four cells (fig. 24).
At the peripheral margin of the lymphatic sheath there
were larger aggregations of small, oval, moderately stained
cells.

Their cytoplasm contained large dye granules which

often left the oval nuclei outlined.

These cells were located

at the Junction between the marginal zone and lymphatic sheath,
thus forming a perilymphatic ring (fig. 24).

These cells

reacted stronger with this technique than the non-specific
esterase technique.
Throughout the marginal zone small stellate cells showed
acid phosphatase activity.

The intensity of the reaction

within these cells was somewhat greater than with the non30

specific esterase reaction although the pattern of distri
bution of reacting cells was identical; that is, they were
distributed throughout the zone but the greater number were
in the peripheral half.
Metalophll Reaction
Accurate demonstration of the matalophilic cells was
occasionally complicated by a generalized black granular
deposit throughout the tissue section.

Marshall felt this

was largely an artifactitious deposit on the surface of the
section.

Nuclear detail likewise could not be ascertained

because of the dense black silver precipitate on the surface
of the metalophils.

There also was no apparent gradation

of amount of precipitate formed on the various cells effected
as there was with the enzyme techniques.
Cells demonstrated by Marshall's metalophil reaction
were of four distinct types and similar in distribution to
the patterns of the two enzymes previously discussed.

Spher

oidal cells which lie free in the sinus lumens were found to
be metalophilic.

These were large rounded cells three to

four times the size of a red blood corpuscle and usually
stained intensely black (Figs. 11 and 12).
The fusiform sinus lining cells were also metalophilic
(Fig. 4).

Their gross outline appeared much like those of

Fig. 34 stained with hematoxylin and eosin; that lsr the
cytoplasm* appearing as a thin dark line* was quite atten
uated* whereas the nucleus bulged into the sinal lumen* pre
senting a silhouette 2$ to 3 times the size of a red corpuscle.
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The bulk of the red pulp cords were composed of numer
ous raetalophilic calls many of which had irregular and blunt
or branched processes* whereas others were rounded and did
not possess such processes (Figs. 11*12 and 17).
ftetalophilic cells were found distributed throughout
the white pulp and marginal zone in much the same manner as
with the two enzyme stains.

Small lightly reactive stellate

metalophils were found throughout the germinal centers and
somewhat larger* darker staining cells were found associated
with the central artery of the white pulp (Figs. 26*27 and 28).
Small lightly reactive cells which were flattened or rect
angular in shape and apparently lacking branches were found
forming a faint perinodular ring between the lymphatic
nodule and the marginal zone (Figs. 28*30 and 31).
Highly branched metalophils were found in the marginal
zone* particularly the peripheral half of this zone.
cells appeared quite separate from one another.

These

Each cell

usually had two or three fine, extensively branching pro
cesses (Fig. 30).
These results closely collate those reported by mar
shall (44) for the metalophilia of the RE cells of the
rabbit’s spleen.

The notable exception is that he did not

report metalophilic cells within the white pulp as this study
revealed.
*Pi3.£U°n Results
India ink, chlorazole black E* and saccharated oxide of
iron were injected intravenously to test for phagocytosis.
32

Slack injectates mere used since they were readily detect
able in tissue sections due to their optical contrast from
other cellular contents and were not confused with other
structures after use of the staining techniques employed
in this study such as the hematoxylin-eosin and periodic
acid-Schiff (PAS) reactions.

Gomori*3 Prussian blue re

action easily exposed the iron.
Large round and oval cells which contained phagocytosed
material were frequently found lying free in the sinus lumens.
These cells were darkened by this material to such an extent
that nuclear morphology could not be ascertained.

Their

size varied from three to four times the diameter of a red
blood corpuscle (Figs. 8,13 and 21).
The sinus lining cells occasionally were seen to con
tain fine black granules of lnjectate.

These were seen*

with the PAS technique* to lie on the luminal side of the
supportive reticular fiber network (Fig. 5), and therefore*
were considered to be wit.hin the cytoplasm of these cells.
Iron* however* was not detected in them.
Cells of the pulp cords which were found to phagocytize
the injected particulate matter were similar in number and
distribution to those which gave the non-specific esterase
and metalophil reactions.

However* they were not so numer

ous as with the acid phosphatase technique.

The injectatea

were aggregated to such an extent that all cellular detail
was usually obscured* especially with the black materials.
Oval nuclei could* however* be seen upon occasion through
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the Prussian blue reaction mass.

The cellular shapes seen

with all three techniques were oval or stellate.

These

cells were found to be distributed close to sinuses when
they were close together.

Upon low power observation, this

configuration gave the appearance of loose accumulations of
phagocytic cells concentrated subjacent to the capsule and
circumscribing the white pulp.

The regions between gener

ally possessed fewer such cells due to increased sinus and
pulp cord sizes (Tigs. 19,20 and 21).
The control sections for the saccharated oxide of iron
injections indicated only a very small number of cells con
taining hemosiderin.

These cells were located exclusively

in the red pulp cords and ware estimated to constitute only
one or two percent of the total number of cells which re
acted to the injected iron (Fig. 22).
Phagocytic calls were found neither in the periarterial
lymphatic sheath nor as a perilymphatic ring.
were present in the marginal zone.

However, they

Those phagocytic cells in

the central portion of this zone contained only a few very
fine particles whereas those of the peripheral half were
greater in number and concentration of particulate matter,
being mors like the pulp cord phagocytes.
quite angular in shape.

These cells were

Higher powered observation of

Prussian blue reacted tissues indicated they were rather ex
tensively branched cells (Figs. 32 and 33).
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TABLE I

SUMMARY OF RESULTS

techniques

\used/
cell
types
X./
free cells
of sinus
lumens

X

lining

X

pulp cord
cells
ymphatic
sheath and
germinal
center
perinodular
ri
marginal
zone

.
/
/ AP /

X

xl

/CrJE /

X

X

X

X

X

X

X

X

X

X

X

X

0t /

X

X

X

X

X

X

X

X

X

X

X

X

J

X

Explanation of Abbreviations
NSE - non-specific esterase; AP - acid phos
phatase; Met - metalophil; II - India ink;
CBE - chlorazole black E; SOI - saccharated
oxide of iron
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CHAPTER IV

DISCUSSION
Phagocytosis of particulate mattery endogenous or ex*
ogenous, is the oldest method of identifying reticuloendothalial (RE) cells*

Metschnikoff (1883) observed phago

cytosis of cellular debris, and Mallory (1889) observed
mononuclear cells which contained Hred blood globules."
Aschoff (1926) applied the term "reticuloendothelial
system*' to all phagocytes throughout the body.
Recent studies have shown marked improvements in the
methods used to study this system.

Reticuloendothelial

cells have been investigated by many workers, most of whom
agree that several criteria are necessary to define them
adequately.

Snook, ejt al,. (70) suggested that all RE cells

should possess the hydrolytic enzymes non-specific esterase
and acid phosphatase, be metalophilic, and be phagocytic*
The spleen represents the greatest concentration of RE
cells per unit volume in the body*

The unique access of

these cells to foreign bodies and red blood cells makes it a
point of particular interest.

Marshall's metalophil reaction,

the non-specific esterase and acid phosphatase and injection
methods have proven excellent techniques to study the dis
tribution of RE cells in the rabbit's spleen.

Cellular lo

cation and morphology with these methods correspond in general
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with previous descriptions of the RE system of this organ
for the dog, cat, rat, squirrel and gopher.
Two basic types of RE cells are commonly foundt
and free,

fixed

fixed RE cells are associated with reticular

fibers and are found throughout the pulp cords, lining cells
of the venous sinuses, in the white pulp and marginal zone,
free RE cells are found as oval cells in the pulp cords,
within sinus lumens, around white pulp arteries and in germ
inal centers of the white pulp.
Large rounded cells which are metalophilic and possess
both of the hydrolytic enzymes, non-specific esterase and
acid phosphatase, have been reported in the rat and gopher
(55,39).

marshall (44) reported such cells to be metalo

philic in the rabbit.

The present study has shown these

cells to also possess both of the hydrolytic enzymes men
tioned above and to be intensely phagocytic for India ink,
chlorazol black E, and saccharated oxide of iron.

They are,

therefore, functionally mature RE cells (free or wandering
macrophages).
The fixed mural cells of the red pulp sinuses have been
considered to be weakly phagocytic.

Patterson (56) found

these cells in the rat to be histochamically inconsistent
when compared to the RE cells of the pulp cords.

He found

they showed slight non-specific esterase activity, no acid
phosphatase activity and he could not determine whether they
were metalophilic or not.

However, the sinus lining cells

of the squirrel and gopher are distinctly metalophilic and
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have also been shown to be strongly reactive for both non
specific esterase and acid phosphatase (58,39).
ffloore, at. ai* (4?) injected saccharated oxide of iron
into rabbits and studied its deposition in calls of the RE
system, the primary sit of iron storage throughout the body.
In the spleen they found it present in considerable amounts
in the cytoplasm of the sinus lining cells of all injected
animals upon examination with the electron microscope.

It

was not found in their control animals.
The reactions of these cells to the techniques employed
in this study were found to be quite variable.

They were

strongly reactive for non-specific esterase, showed essen
tially no acid phosphatase and were metalophlllc (Tigs. 1,3,
19, 7 and 4).
With the metalophil reaction the cytoplasm of these cells
appeared endothelioid in that it was quite thin and drawn
out.

The nuclei were obscured by the silver precipitate but

their location was indicated by an oval enlargement which
protruded into the sinus lumens and corresponded in size and
shape to those seen with hematoxylin (Fig. 34).

These cells

were seen with the non-specific esterase reaction in thick
sectioned tissues (15 micra) to be fusiform with an oval, un
stained nucleus.
These cells phagcytosed very small amounts of India ink
and chlorazole black E, but saccharated oxide of iron could
not be demonstrated in their cytoplasm.
These various findings are quits similar to those found
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in the rat, but disagree with those of ffloore, ejt a.1. (47)
in that iron could not be demonstrated in the sinus lining
cells.

In view of his statement, "histochemical and elect

ron microscope examination showed that the maximum reten
tion of iron oxide was in....the reticuloendothelial cells
lining the sinusoids of the spleen," one wonders if he
possibly was referring to cells in the pulp cords, which
would agree with the results of this study.
Dorfman (14) found the sinus lining cells of the
guinea pig, monkey, and human were consistently negative for
both the non-specific esterase and acid phosphatase reac
tions.

He concluded that they are not identical with the

RE cells of the pulp cords.
Petterson (56) found that stimulation with typhoid
vaccine did not change the histochemical characteristics of
these cells in the rat.

Similar stimulatory injections were

not carried out in this study.
It is felt that the histochemical and phagocytic re
actions of these cells in the rabbit Indicate they are func
tionally immature RE cells.
The results of the present investigation showed the
main sites of RE cell concentration to be in the pulp cords
(of Billroth).

The sinus lining cells did not meet the

criteria of mature RE cells.

Under a closed system of cir

culation, as advocated by Knisely, BJttrkman, Peck and Hoerr,
and others, these pulp cord cells would not be exposed to
full advantage to all of the blood components.
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The studies

of BjBrkman (5) with the rabbit indicated the blood
elements flowed directly from arterial capillary to venous
sinus, passed back between the mural cells into the pulp
cords* and that red corpuscles were confined within the
sinuses due to their large size.

However* the more recent

studies of Snook (69)* also using the rabbit* and employing
reticular impregnation techniques at the light microscope
level show the arterial capillaries terminating in the pulp
cords) that is* the system of circulation is an open one.
The present study also shows the only site of hemosiderin
storage in the normal* uninjected rabbit spleen to be in
the pulp cords (fig. 22).
The electron microscope studies of Palade (50)* Galindo
and freeman (20)* and Weiss (78) indicate that there are
numerous interdigitations of cytoplasmic extensions between
the sinus lining cells* whereas* according to the light
microscope interpretation* the adjacent lateral borders of
these cells were not thought to be adherent.
The evidence cited above* namely Snook's demonstration
of arterial capillary endings* the demonstration of hemo
siderin storage in the pulp cords, and points of adherence
(interdigitation) between the sinus lining cells all indi
cate blood flow is in only one direction as opposed to
Bjbrkman's schema.

All blood elements apparently leave the

arterial capillary* percolate through the pulp cords* where
they come into intimate contact with the RE cells* and pass
between the sinus lining cells into the sinus from which
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they enter the venous circulation.
The relatively strong non-specific esterase activity
of the sinus lining cells is one of the outstanding charac
teristics of the rabbit's spleen and deserves further
comment*

Chessick (13) discussed an Hesterase spectrum"

which he considered to have two poles.

At one end of the

spectrum are the lipases which hydrolyze long chained fatty
acids.

On the other end are the cholinesterases which

hydrolyze esters of choline.

In the center of the spectrum

are many other enzymes that have varying degrees of overlap
in their ability to hydrolyze the esters of carboxylic acids
which he referred to as non-specific esterases.
The question then arises as to whether these cells as
such are capable of phagocytosing and hydrolyzing only cer
tain substances, or are they in a state of partial maturity
or differentiation awaiting a proper stimulus to complete
the other enzyme systems to function in an unrestricted
manner as omnivorous macrophages.
All RE cells are mesenchymal in origin (25).

As they

differentiate they begin to acquire various characteristics.
They first become metalophilic and then develop hydrolytic
enzyme systems.

When the enzyme systems are present they

are also capable of phagocytosis (56).

Potential RE cells

in the rat, cat and dog have been shown to be metalophilic
and to develop enzyme activity when injected with typhoid
vaccine (56) and zymosan (27).

The use of RE stimulants

was beyond the scope of this investigation.
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However, one

may speculate that due to the great abundance of the pulp
cord macrophage system as demonstrated In this work, there
would normally be little need of further phagocytic activity
within the sinuses themselves.

Further study of this poten

tial should be undertaken.
The histochamical and phagocytic pictures of the white
pulp of the rabbit are strikingly different from the rat.
Distributed randomly throughout the periarterial lymphatic
sheaths and germinal centers ware angular cells which were
somewhat larger than the surrounding lymphocytes, were metalophilic, and showed slight non-specific esterase and acid
phosphatase activity (Figs. 23,23,26,2? and 28).

However,

they were not phagocytic under the conditions of the present
investigation.

It is possible that, due to the circulation

of the white pulp, the particulate matter did not reach
these cells.

Similarly located cells have been reported in

the rat (56), but their histochemical properties are differ
ent.

They exhibited acid phosphatase activity, very weak

non-specific esterase activity, and were metalophillc.

Upon

stimulation with typhoid vaccine, the esterase activity in
creased.
A similar situation was encountered at the interface of
the periarterial sheath and the marginal zone.

Snook (71)

found a ring of cells ("perinodular ring of marginal metalophils") in the rat which were metalophillc and showed acid
phosphatase activity but only very weak non-specific ester
ase activity.

Upon stimulation these cells also developed
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greater esterase activity.

Cells were demonstrable in the

same position in the rabbit (Tigs. 23,24,27 and 28).

They

showed slight acid phosphatase and non-specific esterase
activity and were lightly metalophilic, but were not phago
cytic.

No stimulatory tests ware conducted in this study.

These two groups of cells, the psrinodular ring and those
distributed throughout the white pulp and germinal centers,
are not considered part of the reticuloendothelial system,
but are thought to be potential RE cells as in the rat.
Electron microscope studies of the mouse have shown the RE
cells to be the largest cells of the whits pulp (21).
Although no mature RE cells were found associated with
the white pulp or germinal centers, the hlstochemical and
injection studies carried out in this investigation have
shown large highly branched cells located throughout the
marginal zone which did meet established criteria.

They were

metalophilic (Fig. 30), variably reactive for both hydro
lytic enzymes (Figs. 29) and phagocytic to the injectates
used (Figs. 32,33).

Injected particles were found in their

cytoplasm as early as 15 minutes post injection.

Those RE

cells in the central half of this zone were lightly reactive
whereas those of the peripheral portion were greater in
number and concentration of reaction products with all tech
niques used.

This pattern of distribution is similar to that

found in the squirrel and gopher.

Llsk (39) reported cells

throughout the marginal zone of the gopher to be metalo
philic and to show both non-specific esterase and acid phoa43

phatase activity, and Purtilo (58) found similar cells to be
metalophilic in the squirrel.
The situation in this zone in the rat, however, sharply
contrasts with that of the rabbit.

No cells were found in

the rat's marginal zone to be reactive to any of the tech
niques used in this study.

There were no metalophilic or

enzyme reactive cells present (56).

Injected matter was

seen distributed diffusely throughout the zone 15 minutes
post injection but was extracellular and simply passed
through to the red pulp (71).

Petterson (56) found that

stimulation did not elicit any cellular activity although
he noted evidence of migration of macrophages across this
zone from the perinodular ring to the red pulp.

It is

evident then that the marginal zone handles blood and par
ticulate matter in different ways in different animals.
In the rat, particulate matter passes from the marginal
sinus to the red pulp without being phagocytosed, whereas
in the rabbit similar material leaving the ends of whits
pulp capillaries and entering the marginal zona is phago
cytosed in part at least.
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CHAPTER V

SUMMARY AND CONCLUSIONS
A series of investigations were made considering the
hlstochemical and phagocytic nature of the normal retlculendothelial (RE) system of the rabbit's (Orvctoloous cunlcuius) spleen.

It was possible with the techniques used

to study the characteristics of cells in a number of lo
cations, comparing them to the criteria established by
Snook et al. (70) for a functionally mature RE cell.
A total of 39 male domestic white rabbits weighing
from 2.0 to 3.0 kilograms was used in this study.

Fourteen

of these were normal (uninjected) animals used to study the
distribution of cells which possess the hydrolytic enzymes,
non-specific esterase and acid phosphatase, and are matalophilic.

The remainder were separated into three groups and

received intravenous injections of India ink, saccharated
oxide of iron, or chlorazole black E to facilitate the study
of phagocytosis.
1.

Large oval cells found lying free in the sinal lumens,
probably monocytes, were strongly reactive for ail of
the techniques used; that is, they possessed both hydro
lytic enzymes, were metalophilic, and phagocytic.
are, therefore, RE cells in the fullest sense.
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They

2.

The sinus lining cells were metalophilic, showed rel
atively strong non-specific esterase activity, but no
acid phosphatase activity, and were but very weakly
phagocytic.

They are, For these reasons, considered to

be functionally immature RE cells.
The relatively strong non-specific esterase act
ivity of these cells is one of the outstanding charac
teristic features found in the rabbit's spleen.
3.

The stellate and oval cells of the red pulp cords were
strongly reactive for all procedures used.

They pos

sessed both hydrolytic enzymes, were metalophilic and
phagocytic.

They are functionally mature RE cells and

represent both fixed and free macrophages.
4.

Certain angular shaped cells lying in the periarterial
lymphatic sheath and nodule (white pulp) showed moderate
enzyme activity, and were metalophilic, but were not
phagocytic under the conditions of this experiment, prob
ably due to the fact that the particulate matter did not
reach them.

These cells are probably the fixed reticular

cells of the whits pulp.
5.

A few cells which also showed moderate activity for both
enzymes and were metalophilic but not phagocytic formed
a perinodular ring.

These cells are not part of the RE

system, but are thought to be potential RE cells.
6.

Highly branched cells of the marginal zone were positive
to varying extents for all of the techniques used.

Those

cells in the central half of this zone were lightly re
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active whereas those of the peripheral portion reacted
considerably stronger.

They are RE cells of different

states of functional maturity.

Hence, this zone differs

from the corresponding zone in the rat, wherein there
are no RE cells, and is similar to that of squirrels
and ground squirrels.
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PLATE I

Figure 1

Thick Sectioned Red Pulp. The sinus lining
cells lie parallel to the long axis of the
sinus and are fusiform in shape. Note the
enlargement indicating the nuclear location
(arrow). C, sinus lining cell* R> reticulo
endothelial cells of red pulp cord. Non
specific esterase reaction. SOOX.

Figure 2

Sinus Lining Cell Nuclei. These oval,
agranular structures illustrate the
localization of hydrolytic enzymes in
distinct positions ("granules") in the
cytoplasm. N, sinus lining cell nucleus!
C, granulous cytoplasm of sinus lining
cell. Non-specific esterase reaction.
386DX.
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PLATE II

Figure 3

Sinus Lining Cells. Transverse section of
a sinus and its mural cells illustrating the
cytoplasmic '’bulge" into the sinus lumen
and apparent space between their inter*
cellular membranes (arrow). S, red pulp sinus'
lumenj C, sinus lining cell. Non-specific
esterase reaction. 1720X.

Figure 4

Sinus Lining Cell and Nucleus. Silver im
pregnation of the sinus lining cell's cyto
plasm and nucleus. C, attenuated* silver
impregnated cytoplasm of the sinus lining
celli N, position of nucleus) R, oval metalophils of the red pulp cords, marshall's
mstalophil reaction. 172QX.
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PLATE III

Figure 5.

Sinus Lining Cells* Fine granules of the
injectstes lie on the luminal side of the
supportive reticular fiber network. The injectate is assumed, therefore, to lie within
the cytoplasm of the sinus lining cells. R,
macrophages of the red pulp cords} Arrows,
injected particles on the luminal side of the
reticular fiber network. Injected India ink,
and periodic acid Schiff reaction. 1120X.

Figure 6.

Sinus Llnino Cells. Fine granules of the
injBctates are phagocytosed by the sinus
lining cells. Arrows, injectate particles
within the cytoplasm of the sinus lining
cells} R, macrophages of the red pulp cords.
Injected India ink, with hematoxylin and
eosin stain. 1120X.
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PLATE IV

Figure 7.

Sinus Lining Cells* Very fine and diffuse
granules indicatethese cells contain little
acid phosphatase. R, reticuloendothelial
cells of the red pulp cordef Arrow, site of
acid phosphatase activity in the sinus lining
cells. Acid phosphatase reaction. 1720X.

Figure 0.

Free Calls in the Sinus Lumen. Large round
and oval cells which contain phagocytosed
material are frequently found free in a
sinus* lumen. Note that the sinus lining
cells do not concentrate iron. F, free
reticuloendothelial cell) S, red pulp sinus)
R, reticuloendothelial cells of red pulp
cords. Injected saccharated oxide of iron,
and Prussian blue reaction. 800X.
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PLATE V

Figure 9.

Free Ceils of the Sinus Lumen. Large round
andoval cell a which lie free in the ainus
lumen frequently show strong hydrolytic
enzyme activity. F, free reticuloendothelial
cells) S, red pulp sinus) RP, red pulp cord.
Non-specific esterase reaction. 1720X.

Figure 10. rree Cells of
Sinus Lumen. These cells
show strong acidphosphatase activity. Note
the nucleus (arrow)* and pseudopod (arrow)
of a cell as it is apparently passing be
tween two sinus lining cells (arrow). S*
sinus; RP» red pulp cord. Acid phosphatase
reaction. 1720X.
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PLATE VI

Figure H
and
Figure 12.

£XSa Celle of the SjLnus Ujmen. Spheroidal
cells which lie free in the sinus lumen
are found to be metalophilic* These are
rounded cells several times larger than a
red blood corpuscle and usually "stain"
intensely black. F, free metalophils in
sinus lumen} SL, sinus lining cells) R*
metalophils of the red pulp cords.
i»larshall,s metalophil reaction. 1720X.
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PLATE VII

Figure 13.

Free Celle of thg. 5jnus Lumen. Oval cells
which contained phagocytoeedinjected
material mere frequently found in the
sinus lumens. The black injectates, India
ink and chlorazole black E, were usually
phagocytossd to such an extent that nuclear
morphology could not be ascertained* how
ever* the nucleus of such a cell can be
seen at the upper left of the photo
micrograph. Note also the particulate
matter in the sinus lining cells (arrows)
and pulp cord macrophages. F* free macro
phage in sinus lumen) R, macrophage of red
pulp cords) S, sinus) RP, red pulp cord.
Injected India ink* and hematoxylin and
eosin stain. 800X.

Figure 14.

tUculoendothellal Cells of the Rod Pu 1&
>rds. C e l l s which phagocytose particulate
itter (India ink) are seen in a variety of
tapes. R^* round phagocyte) Ro, oval
phagocyte) R3 , phagocyte with blunt pseudo
pod) S* red pulp sinus, Injected India ink
and hematoxylin stain. 1720X.
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PLATE VIII

Figure 15
and
Figure 16.

Reticuloendothelial Cells of the Red Pulp
Cords. The largest concentration of ceils
showing esterase activity is the red pulp
cords of Billroth. These are large oval,
angular, and stellate cells, similar in
size and dye concentration to the free cells
within the sinuses. Illustrated here are
variously shaped RE cells of the red pulp
cords. RS, stellate reticuloendothelial
cell) RO, oval reticuloendothelial cells F,
free call in sinus lumenj S, red pulp sinus.
Non-specific esterase reaction. 1720X.
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PLATE IX

figure 17.

Reticuloendothelial £ | U | of
5ed Pula
The red pulp cords are composed of
•era*
numerous metalophilic cells many of which
have irregular processes* others are
rounded* lacking such processes. RS*
stellate metalophil) RO* oval metalophil.
Marshall's metalophil reaction. 1720X.

figure 18.

Red Pulp. The sinus lining cells and RE
cells of the red pulp cords possess moder
ately strong non-specific esterase activity.
The largest concentration of these cells is
within the red pulp cords. Note also the
coaxial relationship of the sinuses and
their mural cells (arrow). R, reticulo
endothelial cells of the red pulp cords) 5*
red pulp sinus. Non-specific esterase
reaction. 40QX.

57

PLATE X

Figure 19.

Red Pulp. The RE cells of the red pulp
cords also possess moderately strong acid
phosphatase activity* They are also seen
to be closely related to the sinuses and to
form clusters when the sinuses are close
together. The sinus lining cells, however,
show no activity* R, reticuloendothelial
cells of red pulp cords} S, red pulp sinus.
Acid phosphatase reaction. 10QX.

Figure 20.

Red Pulp. The greatest concentration of
macrophages is in the red pulp cords. These
cells are generally disposed close to or
between red pulp sinuses and engulf con
siderable quantities of particulate matter*
R, macrophages of the red pulp} Arrow,
particulate matter in the sinus lining cells}
S, red pulp sinus. Injected India ink, and
periodic acid Schiff reaction. 200X.
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PLATE XI

Figure 21.

Red Pulp. The red pulp cords are the prin
cipal ideation of cells which store iron.
Free cells in the sinus lumen (Fig. 8 ) and
marginal zone (Fig. 32) also concentrate
iron when injected, but the sinus lining
cells do not. R, iron storing cells in the
red pulp cords) S, red pulp sinus) F, free
cell in sinus lumen. Injected saccharated
oxide of iron, and Prussian blue reaction.
100X.

Figure 22.

Red Pulp. Cells normally storing iron
(hemosiderin) lie in the red pulp cords. R,
iron containing cells) S, red pulp sinus)
RP, red pulp cords. Prussian blue reaction.
800X.
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PLATE XII

Figure 23.

Lymphatic Sheath and Nodule. The white pulp
has several areas of esterase activity.
Clusters of relatively large cells* associated
■ith the white pulp artery* are intensely
reactive. Many small angular cells* distri
buted throughout the lymphatic noduies (in
cluding the germinal center) possess light
esterase activity. Small* oval, lightly
staining cells between the marginal zone and
white pulp nodule form a perinodular ring.
Cl* positive esterase cell cluster! LN*
esterase cells in lymphatic nodule; MM*
perinodular ring of esterase cells; RP,
red pulp. Non-specific esterase reaction.
100X.

Figure 24.

Lymphatic Sheath and Nodule. Small angular
cells which form a perinodular ring and are
dispersed throughout the white pulp and
germinal center have light acid phosphatase
activity. LN, acid phosphatase cells in
lymphatic nodule; MM* perinodular ring of
acid phosphatase cells; RP* red pulp; MZ,
marginal zone. Acid phosphatase reaction.
100X.
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PLATE XIII

figure 25.

Lymphatic Shqath and Nodule. Celia con
taining iron in large quantities are not
found in the white pulp either normally or
after injection, following injection,
however, iron storing cells are seen in
the marginal zone. LN, lymphatic nodulei
S1Z, marginal zone; RP, red pulp; R, macro
phages in the marginal zone. Injected
saccharated oxide of iron and Prussian
blue reaction. 100X.

figure 26.

Lymphatic Sheath and Nodule. Small, lightly
reactiveangular metalophils are found
throughout the germinal center of the lymph
atic nodule. Small, angular metalophils also
form a perinodular ring between the lymph
atic nodule and the marginal zone. Clusters
of large dark staining cells are found in
association with the central artery of the
white pulp; Nffl, nodular metalophils;
marginal metalophils; Cl, metalophilic
cluster; WZ, marginal zone, marshall's
metalophil reaction. 400X.
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PLATE XI\l

Figure 27
and
Figure 28.

lymphatic Sheath and Nodule. Small, lightly
reactivestellate metalophils are found
throughout the germinal centers and clusters
of larger, darker staining cells are found
associated with the central artery of the
white pulp. Small, angular, lightly reactive
cells form a faint perinodular ring between
the marginal zone and the lymphatic nodule.
NW, nodular metalophils)
marginal metal
ophils) Cl, metalophilic cell cluster) R,
reticuloendiothelial cells of the marginal
zone) G, germinal center) MZ, marginal zone)
Marshall's metalophil reaction. 400X.
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PLATE XV

Figure 29.

flaroinal Zone. Angular and stellate cells
distributed throughout the marginal zone
possess light esterase activity. Toward the
periphery of this zone larger cells possess
a somewhat greater activity. R, reticulo
endothelial cells of the marginal zonal MZ,
marginal zonei RP, red pulpi S, red pulp
sinus. Non-specific esterase reaction.
800X.

Figure 30.

fflaroinal Zone. Highly branched metalophils
are found in the marginal zone, particularly
the peripheral half of this zone. These
cells appear quite separate from one another,
and have two or three fine, branched pro
cesses. Small, rectangular metalophils also
form a perinodular ring between the marginal
zone and lymphatic nodule. R, metalophilic
reticuloendothelial cell| niff), marginal metalophilsf LN, lymphatic nodulei FflZ, marginal
zonal RP, red pulp. Marshall*s metalophil
reaction. 800X.
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PLATE XVI

Figure 31.

jflaicataal long, &Qd Lymph pile Nodule. Small,
lightly reactive stellate metalophils are
found throughout the light center and dense
peripheral portion of the lymphatic nodules.
Small angular metalophils also form a perinodular ring between the lymphatic nodule
and the marginal zone. Highly branched
metalophils are also seen in the marginal
zone* especially the peripheral half of this
zone. NR, nodular metalophils Rffl, marginal
metalophils Rt matalophilic reticuloendo
thelial cell of the marginal zones G, germ
inal center. Marshall's metalophil reaction.
0OQX.

Figure 32.

Marginal Zone. Reticuloendothelial cells in
the marginal zone do not normally store iron
(hemosiderin), however, when injected intra
venously iron is found in them. Illustrated
here is the marginal zone of injected tissue.
LN, lymphatic nodules MZ, marginal zones RP»
red pulps R, iron containing reticuloendo
thelial cells. Injected saccharatsd oxide
of iron, and Prussian blue reaction. 400X.
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PLATE XVII

Figure 33.

Marginal Zone. Cells distributed throughout
the marginal zone in the pattern as with the
other techniques phagocytose injected parti
culate matter. These cells are concentrated
primarily toward the periphery of this zone
and all show about the same degree of viril
ity. Rj, macrophage in the marginal zonoi
R2 , macrophages of the red pulpi LN, lymph
atic nodule} ftZ, marginal zone} RP, red pulp.
Injected India ink, and periodic acid Schiff
reaction. 800X.

Figure 34.

Red oulo. The cytoplasm of a sinus lining
cell is extremely attenuated (arrow), and
its nucleus is seen to wbulgsN into the
sinus lumen (arrow). Note also the large
number of red blood corpuscles in the pulp
cord, and the monocyte and two medium
sized lymphocytes within the sinus' lumen,
ft, monocyte} L, lymphocytes} RP, red pulp
cord} S, sinus. Hematoxylin and eosin
stain. 3B80X.
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